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Abstract

e A Comparison_of Two Types of Velocity Models for the

Lunar Crust: Smooth, Continuous and Stepwise Layered

Anthony F. Gangi
Department of Geophysics.
Texas AGM University l
The data from the Apollo-14 and Apollo-16 Active Seismic Experiments
have been reanalyzed and show that a power-law velocity variation with
depth, v(z);11021/6 m/sec (0<z<10m), is consistent with both the travel-

times and amplitudes of the first arrivals for sotirce-to-geophone sepa-

rations up to 32m. The_data weré improved by ieémoving spurious glitches,

filtering and stacking. While this improved the signal-to-noise ratios, -
it was not possible to measure the arrival times or amplitudes of the | !
first arrivals beyond 32m. The data quality precludés a definitive dis- ‘ i
tinctioh between the power-law velocity variation and the layered-velocity ;;

model proposed preéviously. However, the physical evidence that the shallow

lunar regolith is made up of fine particles adds weiglit to the 1/6-power
velocity model because this is the variation predicted theoretically for
self-compacting spheres.

The 1/6-power law predicts the traveltime, t(x), varies with separation, -
5/6

X, as t(x) = t (x/x)™"" and, using a first-order theory, the amplitude,




A(x), varies as A(X) = Ab(x/xo)(ls'm)/lz. m>1; the layer-velocity model

predicts t(x) = to(x/xd) and A(x) ® Ao(x/xo)z, respectively. The measured

exponeiits for.the arrival times were between 0.63.dnd 0.84 while those for
5 the amplitudes were bctween -1.5 and -2.2. The latge variability in the
anplitude exponent is due, in part, to the coarseness with which the
amplitudes are meastired (only five bits are used per amplitude measurement )
and the variability in geophone sensitivity and thumper-shot strengths.

A least-squares andlysis was devised which uses redundarcy in the

amplitude data to extract the geophone sensitivities, shot strengths and
amplitude exponent. The method was used on the Apollo-16 ASE data and it
indicates there may be as much as 30 to 40% variation in geophone sénsitivities

(due to siting and coupling effects) and 15 to 20% variability in the thumper-

shot strengths. However, because of the low signal-to-noise ratios in the
- data, there is not sufficient accuracy or redundancy in the data to allow

s high confidence in these results.
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Introductici. The first lunar scismograms recorded by the Apollo-11_
seismometers (Latham, et al., 1970a,b) surprised many seismologists.
Their.musually long durations (sce Figure 1) gave Tise 'to numerous
theoretical speculations. Proposed mechanisms Tanged from Secondary-
Mukhamedzhaiiov,_

¢jecta offocts (Latham, et al., 1970a; Chang; et al.; 1970;
1970} to scattering of the waves by shallow internal fractureés and
inhomogeneitics (Latham, et al.; 1970a,b) or by topographic irregularities
(6old and Soter, 1970). it soon becaie clear that the secondary-ejecta
mechanisms were not viable ares because the sam¢ long duration occurred
for seismograms froii moonquakes with foci in the lunatr interior.

Early data indicated that the compressional-wave velocity was very
0.1 kiysec; Latham, et al., 1970c, Sutton
and_Duenniebier; 1970) and increased to approximately 6 kni/sec at a
Latham, et al. (19702;b)

low near the lunar surface (~

depth. of 20 kilometers (Lathai, et al.; 1970d).
showed that the variation of the amplitude envelope with time and distance

was consistent with a di ffusive-scattering mechanisin provided the Q of

the mediuf was greater than 3000.
Goid and Soter (1970) interpreted the Apo. i0-12 data to inply that
the shaliow ltmar crust consisted of a deep layer of powder. They
assuiied a linear velocity variation with depth and, through computer
simulation using ray acoustics; they were able to approximate the
They showed that the long duration could be
inciderit waves by

actual signal very well.
explained by scattering of the nearly vertically-
topographic jirregularities (Figure 2). They also showed that the

seismic amplitudes are gredtly enhanced in such a medium, SO that it

required less power to transmit seismic waves than previously believed.
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Kovach, et al. (1971) proposed a ldyered model with a-stepwise-
increasing velocity variation. based on the datd of the Active Seismic___.
Experiment (ASE) at the Apolio-14 landirig site. They obtained a .
p-wave velocity CVb) of 104 m/sec for.a top ldyer of 8.5 feters .
thickness and a Vﬁ = 229 m/sec for an widerlying ldyer (the Fra Mauro
formation) of 38 o 76 meters thickness. A similar model was used to
interpret the Apolle-16 ASE data and gave d vb = 114 m/sec for a 12.2-
meter-thick top ldyer and a Vb = 250 m/sec for an underlying layer
70-méters thick (Kovach, et al., 1972).

Gangi {1972) proposed a self-compacting-powder modei which gives
4 velocity varying as the sixth root of the depth; in this model the

velocity at the lunar surface goes to zero. This; in turn, gives a
long duratioh to the signal by scattering from topographic irregularities,
very low correlation between horizontal and vertical displacements,

a changing signal envelope that varies with source-to-receiver separation

and a varying spectrum over the signal duration. These effects have
beent noted by Latham et al. (1970c, 1970d) and they also are éxplained
by the diffusive scattering model (Latham, et al,1970c) and the surface-
irregularity scattering model (Gold and Soter, 1970).

JEVSN

Kovach and Watkins (1973) extended and refined the layered imodel

L VI

by incorporating the traveltime of the Apol116-14 Lunar-Modulé ascent.
However; they pointed out that: "the cxact detdils of the velocity

vatriation in the upper 5-10 kin of the Moon cannot yet be resolved

mr——

(i.e., whether it is smooth as depicted or a stepwise increase) but one
simple observation can be made. Self-compression of any rock powder

such as the Apollo 11 or 12 Soils or terrestrial sands cannot duplicate
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the observed magmtude of the lunar velocity change and the steep
velocity-depth gradient . (~2 kni s “ha 1) " llowcvor,_it is not expected
that a self- compactmg powder layer of § n thick would.exist on the
Moon; if such a layer exists, it would be,most likely, thinner than

1 km and probably thinner than 100 m.

Dainty, et al. (1974) performed a detailed analysis of the diffusive-
scattering mechanism and compared their theoretical results both with
lunar data and seismic-modelling data. They showed they could match
the envelopes of the lunar seismograms using this theory if, for a
frequency of 0.45 Hz, the apparent thickness of the scattering layer
is 25 ki, the mean distance between scattérers at the base of the layer
is ~5 lon and the Q of the medium is 5000. The corresponding values
for.a frequency of 1.0 Hz are: 14-kn scattering-layer thickiess, ~2 lan
between scatterers and & Q of 5000. The thicknesses of the scatteting
layer (and its variability with frequency) ceein to be inordinately large
and may indicate that the model used is not appropriate for the lunar

crust. A similar analysis should hold for body-wave scattering by
topographic irregularities; in this case, the scattering-layer thickness
would correspond to the surface area over which the nearly vertically-
ificident waves are efficieiitly scattered and the spacing between
scdtterers in the layer would correspond to the spacing between surface
scatterers (of wave-length size).

Cooper, et al. (1974) used the data of the Active Seismic Experi-
ments 6f Apollo 14 and 16 along with the Lunar Seismi¢ Profiling
Experiment (LSPE) data of Apollo 17 and other man-made impacts to

obtain a model of the velocity structure of the shallow lumar crust.
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They assumed & layered model and assumed that the first arrivals
(beyond about 10 m) were seismic refractions. They'found.theiz»travel-
time data were consistent with a five-layer model in which the velocity
is: 1) 100 m/sec in the top_iayer of 4-m thickness; 2) 327Im/sec in
the. next layer to a depth of 32 m (thickness of 28 m), 3) 495 m/sec to
a depth of 390 m, 4) 960 m/se¢ to a depth of 1385 m and 5) 4700 i/sec

for a depth down to at least 1800 m. However, this last velocity is
determined from a single source (the LM impact) at distances of the
order of 8.7 km from the geophone artray (four geophones). The shallower
structure is obtained from the traveltime data resulting from the

eight explosive-package detonations ard the LM ascent; all these sources
are within 3 km of the geophone array. Cooper, et al. (1974) show these
data can be fitted well with a continuous, linearly-increasing velocity

with depth, z; namely, V 2 395 + 778 z (m/sec) for z in meters. They

also state that "Various power law velocity models can be made to fit
the observed data ...'" when only the explosive-package and IM-ascent
55 data are used.

it is clear there is still some question regarding the velocity

variation with depth in the shallow lunar crust (z<l km). Since the

shallow lundar crust severely modifies the received signals, even those

from large distances, it is important to know this shallow velocity
§. variation well. Therefore; it is worthwhile to rearialyze the data to
;? deterinine which velocity variation with depth is the most probable.
. The data from the Apollo-14 and Apollo-16 ASE's have been reanalyzed

the thé results are given below.
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Apollo~l4 and 16 ASB Data. ’me data used in this anal.ysis are £rom

the astronaut activated thumper device,of the.Apono-14 andAmllo-lG
ASE's. - In both experiments, three geophones were sited on the surface
in a linear array with 45.72 m. (150 £t) Spacmg_between geophones
(Lauderdale arid Eichelman, 1974). The thuiiper de"\tice was fired at .
4.57 m_(15 £t) intervals betwoei thé ends of the artays (see Figure 3).
Firings (shots) 5, 6, 8, 9, 10, 14, 15 and 16 of the Apollo-14. ASE
misfired and.no data are available for them: For the Apollo-16 ASE,
two. shots were omitted between-geophonesl and 2; namely, those at the
4.57 m spacing from the two geophones.

The signals from the geophones are sampled every 1.887 msecs,
corresponding to a.Nyquist frequency of about 265 Hz. Because of data
transmission limitatiocfis; a trade-off between sampling fate and the
number of bits per sample had to be made.. The result was that only five
bits were available for each sample. In order to cover the maximimn
possible dynamic range with only 32 possible binary numbers, the seismic
signals wete log éompressed for large signal levels. The corresponderce
of the binary-data values (0-31) and the voltage from geophone 1, Apollo
16 is showr in Table I. The other geophone voltages havé similar
corresponderices with the binary data. With only 32 levels possible.

for the geophone output voltage, the resulting trdces will have a codrse

character. This makes it difficult to obtain accurate amplittde informa-
tion if no processing or filtering is performed on the data. Fortunately,

it is possible to process the data to obtain reasonably ac¢curate

amplitude values.
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In order to.achieve meaniful results from the analysis, it was
necessary to inprove the origiiial ASE data. Figure 4. shows thiee
tepresentati'\'re traces of the raw data from the Ap0110*16 ASE.— These
data are from the tenth thumper shot and the soufce-to* =feceiver
separations are 50.29 m (165 ft), 4.57 m (15 £t) and 41.14 m (135 ft)
for. geophones 1, 2 and 3 respectively. The thumper- -firing time is
1.2 seconds after the beginning of the traces. While a high signal:
to-noise ratio (S/N) exists for the shortest separation, the §/N for
the other two traces is so low that it is difficult, if not impossible,
to pick the first arrivals or to measure their amplitudes. In addition;
geophone 1 shows severe ‘glitches", niost of which are almost uniformly
spaced in time and of uniform amplitude but there are others of varyiig

amplitude and times of occurrénce. Similar large glitches are seen on
the other two traces. A close look at the data showed that there are
smaller glitches throughout the recotds; these are recognized by the
fact that they are of short duration — generally, only ofie Or two
samples — and had values which were inconsistent with preceeding and
following sample values.

The first data:improving operation performed was to go through
the data by hand and remove the extraneous values and replace them by
values interpolated from neighboring values. A computer program was
not used in this process because: 1) there are rélatively few glitches
(excluding the regular, perodic ones in geophone 1, there are fewer
than 1%); 2) the coarseness of the amplitude valucs precludes automatic,
computer interpolation and 3) a number of different criteria were

used simultaneiously to identify and correct the bad sample values.




The result of the "deglitching" process is shown in Figure 5 for. the
same traces shown in Pigure 4. While this improved the records con-
siderably, it is ¢lear the S/N ratios for the goophone-1 and -3 traces
are still too low to allow positive identification of. the first arrivals.

To improve ithe $/N and smooth oiit the traces, the data were bandpass
filtered with a four-pole, anti-aliased, Butterworth filter (~12 db/
octave slopes at both low and high frequencies) which had 3-db fre-
quenicies at 10.5 Hz and 66.25 Hz. The result; for the same three traces,
are shown in Figure 6. While this improved the S/N significantly and
improved the character of the traces (compdre Figures 5 and 6), the
S/N for separations larger than 9.14 m (30 tt) was still low because
of the decrease in the direct arrival's ampliiude.

Spectral analyses of the seismic traces were made to determine the
frequency baid of the seisiic energy and to sée if thete was significant
aliasing of the data. The amplitude spectrum (for geophone 2, shot 10,
Apollo-16 ASE) of the first two seéconds (1024 sampleés) is shown in
Figure 7. While only half of the full amplitude spectrum (0 to 265 Hz)
is shown there, it is clear that there is little, if any, aliasing
because most of the signal energy is contained between 10 and 90 Hz
with the major part between 10 and 40 Hz. This i$ the spectrum of the
middle trace shown in Figures 4, 5 and 6.

To further improve the data, the traces with the same source-to
recéiver separation for both ASE's were sumned (or "stacked") together.
The implicit assumptions being made here are: (1) the velocity
variation with depth is the same at both the Apollo-14 and -16 sités

and (2) there is lateral homogeneity for the direct waves at both




sites. The first assumption is reasonably consistent with the results
found by Kovach, et al. (1971) for the two.sites; the second assumption
is consisteiit with the equivalent assumption made by Kovach, et al.
(1971) in their interpretation of the data at cach site.-

The traces that had the same source-to-receiver separation are
1isted in Table II for both the Apollo-14 and -16 ASE's. The thumper-
shot numbers, corresponding to the given shot-to-geophone separations,
are listed in the right half of the table. Among the two experiments,
there were between 4 and 7 traces with the same separation. If the
background noise is random and the assumptions cited hold, the stacking
should give improvements in S/N between 2 and v7. ‘The resulting sum
signals were amplified so that the peak excursions would be plotted
aliost full scale for each trace. A representative result is shown
in Figure 8. The secofid trace in Figure 8 is at the same separatioh
as the middle traces in Figures 4, 5 and 6 (i.e., the geophone-2
trace for the 10th thumper shot of the Apollo-16 ASE). For this trace,
the S/N improvement should be bétter than a factor of 2; however, this
degree of improvement was not achieved. Nevértheless, improveménts
‘n S/N wére achieved for this trace, and for the otﬁer traces at largér
separations, by the stacking technique.

The result of summing the deglitched traces is shown in Figure 9.
These signals were filtered, before summing, with a 4-pole, anti-aliased,
bandpass, Butterworth filter with 3-db frequencies at 20 and 50 Hz.
Arrival times can be determined with some certainty for separations
up to 32,00 m (105 ft); it is difficult, if not impossible, to pick

arrivals béyond that distance.
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one of the single-geophone profiles (geophone 1, Apolld 16) i3

showi in Pigure 10. Arrival times can be easily picked for geparations
up to 18,29 m (60 ft) and, with difficulty, for 22.86 m (75 ft) and
27.43 m (90 ft). At 32,00 m separation (108 f£t), the first arrival

is buri:d in the noise. We were not able to determine a first arrival

for separations greater than 32,00 m
h the finding of Kovach and Watkins

with any degree of certainty
(105 ft). This is consistent wit

(1973) for the thumper shots.

Results. The traveltimes and amplitudes of the direct (first arriving)
seisfic signals of the Apollo-14 and -16 ASE's were analyzed. The
traveltimes and amplitudes for separations up to 32.00 m (105 ft) were
he sumied (stacked) traces and from individual
n traces from both ASE'S were

obtained both from t
traces. In one case, all the "noise-free

stacked in an attempt to improve the S/N ratio. In two other cases,
only the "noise-free'* traces from each ASE were stacked to give Apollo-
14-only and Apollo-16-only stacked profiles. If there are significant
differsnces in the velocity structure at the two sites, these individual-
cite stacks would show the difference. Little difference was found,
over the 32 m, in the traveltimes for these two stacks. The traveltimes
ophone profiles were also measured to test the assump-

'Thé quality of the data

for individual ge
tion of lateral homogeneity at each site.
on regarding this assumption; however,

precluded any positive conclusi
y the various stacking indicateé

the improvement in S/N ratio achiéved b

this is a reasonable assumption.
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Traveltimes. The traveltimes. for five of the cases investigated are
listed in Table TII. In those cases where the S/N ratio was high (up
to and including 18.29.m separation,. the tfaveltimes could be determined
to within 1/2 sample time (+ 1 msec). However, systematic errors —
such as those due to variations in the separdtions, elevation differences,
shot-times; etc. — could be as high as oné or.two sample times.

Log/log plots of traveltime versus séparation weré used to test
the hypothesis of a power-law velocity variation. It can be shown,
using Kaufman's (1953) work, that a velocity variation with depth, z,
given by

v(z) = v.o(z/zo)n 08}

results in a direct-wave traveltime, t(x); with separation, x; given

by (see also, Gangi, 1972)
: . _y1-n 2
t(x) = t (x/x,) | @)

where t, is the traveltime correésponding to the separation x and Vo
is the vélocity at deptk.zo. This incorporates both the traveltime/
separation relationships for a constant-velocity medium (n+0) and that
for a self-compacting-powder medium (n=1/6). Therefore, for the two
power-law velocity models (n=0 and n=1/6), the traveltime curve in a
log/log plot would be a straight line whosé slope; m, would be deteérmined
by the power-law exponent (m=1-n).

The slopes of least-squares-fitted straight lines aré given in
Table III along with the velocity Vo which corresponds to the velocity

extrapolated to z°=1 km., As indicated earlier, it is not expectéd that
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the powdered layer would extend to 1 km; thercfore, v, is not an
cstiate of the velocity at that depth but is merely a constant dsed
to characterize the velocity. The depth z =1 kin is chosen only for
convénience; the reference depth could have been chosen to be 1m,
in which ¢ase, the v 's in Table ITI would be multiplied by (.001)1/6
= 0.3162. While the measured slopes are variable, they are all
consistently lower than m=1-n=1, the value that would be obtained
for the constant velocity model. The measured values tend to cluster
near the value predicted by the self-compacting-powder model; namely,
m=1-1/6=,833.

The variation in the reference velocity, Vs is much greater than
that of the slopes; its values vary between 340 and 630 m/sec. The
slope of 0.63 and reference velocity of 1200 m/sec for the Apollo-16;
geophone-1 profile (colwm 5, Table III) are not very accurate because
there are only three good data points (the traveltimes at 9.14, 13.71
and 18.29 m) for determining these values. It gave the least consistent
values for n and v,. in computing the least-squares lines, the question-
able data were given a weight equal to one-quarter that of the high-S/N

data.

Traveltimes were calcuiated from the Apollo-14 and Apollo-16 velocity

models given by Kovach and Watkins (1973). These are shown in colimis
B and C of Table IIi. In columi A, the traveltimes for a powder=1ayer
model with voiSSO m/se¢ and n=1/6 are tdabulated. This latter model was
an average model found from all the cases treated when the velocity
exponent, n, was constrained to be 1/6. Overall, there aré not large

differences between the measured traveltimés and the calculated travel-
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times using any of the models. However, the biggest differences between

the Kovach and Watkins_models .and the feasufed. values occur—at the small ... ...

scparations, precisely where the $/N_ratios are highest and where the
traveltimes cain be picked with the greatest certainty. Their niodels

cin be made to fit the close-in data. simply by introducing a thin; lower
velocity layer at the surface. But it should be .recalled that they
already have low velocities for the top layers (104 and 114 ii/sec for
Apollo-14 and -16, respectively) which are relatively thin (8.5 and
12.2 m, respectively).

The traveltime data for the combined Apollo-14 and -16 stacked
traces (column 1, Table ITI) are shown in Figure 11 along with the
least-squares-fitted line. These data are from the deglitched traces
which have been bandpass filtered with a fourth-order, Butterworth
filter having 3-db points at 3 and 60 Hz. It can be seen from-Figure
11 that the straight line is an éxcellent fit to.the data and that it
would be difficult to change the slope from its given value (0.76)
to 1.0, the latter value corresponding to the constant-velocity model.
Equaily good fits of data points to stiaight lines were found for the

Ajollo-14-only and Apollo-16-only stacked data.
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Amplitudes. The traveltimes of the first arrivals over the 0-32 m range
do not desionstrate a cléar distinction between the powered-layor and the
layered-velocity models. The data.accuracy is such that cither_model can
be dccepted. . To try to distinguish between the two models, the amplitudes
of the first arrivals were measured and compared with the expected distarce
variation predicted by the two models.

Since the thumper shots give primarily vertical forces and the geophones
are vertically oriented, the amplitude of the direct p-wave arrival in the
layered model should vary as the inverse square of the separation,

Ax) = Ajx/x )2 (3)

for small separations (see, for example; White, 1965, p. 215). On the other
hand, for a power-law velocity model, the
is given by (see Appendix A)

AR = [-5D) Loy,

amplitude variation with separation

4

where S(p)dp is the energy radiated inh a bundle of rays having ray parameters
lying between p-dp/2 and p+dp/2, the ray parameter is given by p=sind(z)/v(z),
6(2) is the angle between the ray and the vertical (z) directioi, v(z) is the
velocity variation with depth and t is the traveltime for the ray (with ray
parameter, p) which returhs to the surface at Separdtion x. For the seif-
compact irig-powder fiodel; the amplitude variation is estimated to be (see
Appendix A)

A(x) = Ab(x/xo)'az'm)/lz. m>1, (5)
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where m is a measure of. the source radiation pattern. in the power-law-velocity

medium; To insure integrability of

E - S}(p}dp-,

where E is the energy radiated by the thumper source, we find m>1.(see Appendix

A). This indicates the amplitude decrease of the direct wave with separation |
is less in the powder-layer model then that in the constant-velocity model. |
This is consistent with the conclusion of Gold and Soter (1970) based on ’
their analysis for a linearly increasing velocity with depth. ’

The determination of the amplitude variation with séparation for the
Apollo-14 and -16 ASE data is more difficult than detemining the traveltime
data because of: 1) the coarseness of the amplitude sampling; 2) the
variability of the thumper-shot strengths, 3) the variability of the geophone
serisitivities (primarily due to siting and coupling of the geophones) and
4) the iow S/N ratio for the larger separations. The coarseness of the
aiplitude data is significantly rediuced by the interpolating effect of
bandpass filtering. The variability due to the shot strengths, the geophone
sensitivities and the low $/N ratio are reduced by the averaging inherent
in stacking or Summing traces (provided the signals are sufficiently coherent
for a given source/receéiver separation).

Oh the basis of the ieasured arrival times (4t least for sepdrations
less than 22.86 m — see Table III), sufficient coherency of the sighals exists
s. that averaging of the afiplitudes should be possible by summing of traces.
The measured amplitudes are given in Table IV. Both the amplitudes for

individua! traces and for stacked traces are given, Measurements were mile

P
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on data that had been bandpass filtered by anti-aliased, fourth-order..
Butterworth. filters with 3 db frequencies of 3 to 66 Hz and 20 to 40 Hz..

It can be seen that there is a great dedl of.scatter in the data. Some of
this is due to the thumper-shot vatiability and some_due to geophoné siting,
but the major part is due to low S/N ratio and the coarseness of the
amplitude data. Straight lines were fitted, by least squares; through the
data points (on a log-log graph) and the slopes of these lines are included
in Table IV. A répresentative plot of the amplitude data along with its
least-squares-fitted line is shown in Figure 12. This represents oné of the
most complete sets of amplitude data available for a single geophore; namely,
geophone 3 for the Apollo-16 ASE. The original tracés were bandpass filtered
(3 db frequencies at 3 and 66 Hz) prior to measuring the amplitudes.

Because of the low S/N ratio at the larger separations, it is not
certdin that a straight line (oh a log-log plot) is the appiopriate fitting
finction. While all the data are fairly well fitted by the line in Figure 12
(with a slope equal to -2.01), it is cledr that thé two largest amplitude
values (at 4.57 and 9.14 i), which have the best S/N ratios, suggest a lower
slope.

The slopes found for all the cases with fairly good data lie between
-1.5 and -2.1. However, the possible errors on these slopes are of the order
of £0.5. The fact that the slopés are fiore riegative than -1 and close to -2,
the slope predicted by a siiiple flat-layer model, does not mean the aimplitude
datd verifies that model. From equation (5), the slope pred;ctedlthe powder-
layer model would be more positive than =1. However, this equdtion and the

theory used to predict a slope of -2 for the flat-layer model are based on
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simplyfying assumptions; namely, that all the_sotn'ces are of equal strength,
the geophones are equally coupled to the regolzth there_is no. attenuatzon by
absorption in either. model there is_ho energy loss b)Lconverszon of p-wave
energy into-s-wave_energy (for the powder-layer medel) and there.are no
scatterers in the lunar regolith. The latter three effects would ificrease
the -amplitude loss with distance so that the predicted slopes (2 for the
flat layer and - (13-m)/12 for the powder layer) should be considered upper
bounds on the measured ones. The variability of the thiumper-shot strengths
and of the geophones would increase the scatter in the data.

While the amplituds data do not preclude either model conclusively (as
they would have if the measured amplitudes decreased more slowly than inversely
with separation), they do favor. the. powder-layer model. All the loss
mechanisms lead to a greater decredse in amplitude than_predicted by the
siniple dndlyses of the two modéls. However, the anplitude data do niot show
a more rapid decredse than that predicted for the homogerieous - -layer models
proposed by Kovach and Watkins (1973) while the data clearly do show a iiore
rapid decrease with separation than that predicted by the simple (first- -order)
theory for the powder-layer model. This discrepancy in the aiplitude
variation with distaice c¢an not be expldined by interference of other wives
with the direct wave. For the short separations where amplitude data is
available (generally iess than 27.43 m); interference from reflected or
refracted waves would not affect the amplitiidés by interference for the flat-
layer models; nor would & velocity discontinuity at a depth greatér than
about 10 m effect the amplitude results (by the same types of interference)
in thé powder-layer model.

et e DNk e .
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Geophone-Coupling and Shot-Strength Varisbility. To climinate the effects

of_variability in the geophone. coupling and the Thumper-shot strengths, an
analysis of the amplitude data was made which determines both the geophone
sensitivity (in-pldce) and the shot strengths as well as the exponent of
the amplitude variation when there is sufficient redundancy in the data.
If it is assumed that either the flat-layer model or the powder-layer
model is valid, the measured amplitude at a particular geophone due to a

particuldr source will be given by
- . Lo (i ;
Aj5 = G;S; Ix, le (6)

where G; is the sensitivity of the i-th geophone (including coupling and
siting etfects) located at X, Sj is the strength of the j-th shot located
at x; and m is the. exponent of the amplitude. variation.

Equation (6) can be rormalized to the semsitivity of a particuladr
geophone, say G; (i=1,2 o 3),and to the strength of a particular shot,
say Sj. This normalization is necessary becduse, quite clearly, each
geophone sensitivity can be multiplied by some constant factor and each shot
strength divided by the same factor without changing the resulting aiiplitude.

Letting GISJ-'Aog equation (6) becomes

Ay A, (G,/6;) (Sj/SJ»JIxi-lem. (7)

Equatién (7) can be linearized in teims of the relative geophone sensitivities,
the relative shot strengths, the exponeiit m and the arbitrary constant Ao by

taking its logarithm:

s s mr e ag . eree = e wwes oy awvas
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log Aij & ilog_A‘j + '1°3(Gi_/.¢_1.:) + iog(sj/SJ) + milog[xi-le
or; for convenience in writing,
8i5 = ay *+ g + S5 * mxij (8)

where a, j=log A., le log|x; «x I, g;=10g (G, /GI) and sJ=log(S /85).
The optimum values, in a least-squares sefise, of a,, g., s and m can
be determined by minimizing the summed, weighted and squared error
2, I3 . 2 |
(ao’m:gyj 1=-1 le le (ao + mx ij + gi sj - aij) ) (9)
as a function of these parameters. The result (see Appendix B) is the

matrix equation

[
"
L.l

‘P : (10)
where @ is a vector whose components depend only upon the measured
amplltudes (a ), the weights (w, }) and the measured separations (X ),
A is a square matrlx whose compohents depend only upon the weights and the
measured separations while P is a vector whose componeénts are the unknown
parameters: g;..., Sj+e+» 8y and m. (The detailed form of this equation
is given in Appendix B). The solution to this matrix equation is
p=ali 1)
If there is sufficiént redundancy in the data, the matrix will be well
conditioned and non-singular and will have a stable inverse.

The weights are established from thé quality of the data. The wéights

B A s ST . . -
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for-the Apoll6-16 data are shown in Table V. From the table it is seen—
tha‘t'}_'oiil.y 14 of the. 19 thumper shots gave useful amplitude data (shots 1,

L_l-,'f 13, 14 and 19 were not uséahle) and, of theso 14; only thrée (shots 6,

7 and 17) give 'measm:abie' first-arrival amplitudes on more than one geophone.
(Shots 12 and 17 gave amplitudes of .89_and..06?, respectively, for the

3-66 Hz bandpassed traces.on geophone 2; all other amplitudes are g‘i‘v“eﬁ in

Table IV). Therefore, only six-amplitude measurements (two for edch shot)

are available to determine the six paranieters a,s M, 815 835 Sg» S17 (when
geophone 2 and shot 7 are used as the reference geophoné and shot, respectively).
With. the relative geophone sensitivities, the constant a, and the exponent ?

m set by these data, the remaining relative shot strengths will be detetmined

by the assumed amplitude variation (equation 6 or 7) and the measured amplitude.
Having only sik correlative amplitude measurements to determine six
wiknowns (by means.of the linear equations 8 or|0) means.there_is little
redundaiicy ifi the amplitude data. Nevertheless, the solution of these six
equationis in the six unknowns do constitute a least-squares solutioii., This
is because weighting factors are used in the equations; the weights can be
interpreted to fean that more than six measurements of equal weight were made,
some of which were identical measurements (i.e., same shot location), and
the results coibined together to give a single result of greater weight.
Usirig the six availabie correlative amplitude values, the matrix

equation becomies:




gt | e sagtp sgp o e g sy |[%]
‘t: - Sl | e et s gk My%pp] [
» | T i i T B T My 0 REUSEE B | &1
E ‘W3j33j> - - - ‘"35" W “”3,17" 1 g
Vi6%i6> - - - . wy > 0 S6
_‘"1173117] - - - - . 17 ||

where i =1, 2 and 3 and j = 6, 7, 17. In terms of assumed values

of W5 and the measured values of xij and 34 this equation becomes

[ -3.734] 3,50 10.35 100 .75 1.00 1.25] ’-ao ]
::' -11.710 - 30.84 2,62 2.39 3,13 3.48) |m
o -0.211 - - 1.00 0 0 100 |g
Laes| | - - - 075 o050 0 | g
-1.592 - - - - 1.00 0 6

i -0.’914- - - - - - 1'25. [ 517,

Solving this matrix equation, the relative geophone sensitivities
and relative shot strengths are found to be:

86/87 " .803; 517/87 % 848

e e
e et e o
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and the exponent is
me <357, .. _

Unfortundtely, these values appear to be nreasonable; this is not.
surprising considering the lack of redundancy and quality in the amplitude
data. The 30 to 40% differences in the relative geophone sensitivities are
not too umreasoriable, but are highet than expected. Also, the 15 to 20%
variationsin the shot strengths are possible, but again seem large. The
value of the expenent (m=-3.57) is different by almost a factor of two
compared to the values obtained using single-geophone profiles and stacked
profiles (compate Table IV). The 30 to 40% differences in geophone
sensitivity have no effect on the amplitude variation with distarice as
determined by a single-geophone profile. The 20% differences in shot
strengths (of shots 6 and 17 relative to shot 7) would not cause apprecidble
differences in the slopes (or exponents) obtained from single-geophone
profiles (provided, of course, that these differences are represefitative
of the differences in the other shots). It is concluded that the least-
squares analysis given above does not give reliable values for the parameters

(m, Gy/Gy, G3/Gy, Sg/Sqs S17/S;). However, the method is a valid one and
the reason for the unreliability in the parameter values is the lack of
redundancy and quality in the data.

While the method is not useful for this data set, it is presented in
detail because there may be other instances where it would give valid results,
It provides a rationale for the design of seismic experiments which test

amplitude variation with separation whenh variability in source strengths and

geophone sensitivities is anticipated (as is genérally the case).

P~ -7 :_“ DR Y ppgibe: - = 1t
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’ ;, The same amplitude analysis coud not be performed on the Apolle-14 ]
i ; l

’~ ASE data because there were no correlative amplitude values for geophones !
{

‘- 2 and 3 (due to misfires and poor signal-to-noise ratios).

nnnn
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Surmary
The data from the thumper shots of the Apollo-14 and Apolle-16 ASE's
have been reanalyzed to test whether the veioc¢ity variation in the shallow
lunar crust (depths < 10 meters) ¢an be represerited by a self-comacting
powder layer as propesed by Gold and Soter (1972) and Gangi (1972) or by
constant velocity layers as proposed by Kovach et.al. (1871, 1972, 197%).
Both the traveltimes and the amplitudes for the first arrivals were
remeasured and compared with the values predicted by the self-compactmg-
powder-layer model proposed by Gangi (v(z)-v (z/z )1/ 6) and the la.yered-
velocity model proposed by Kovach, et.al. To improve the quality of the
data, they were "deglitched" to remove spurious values and bandpass fil-
tered. Four-pole, anti-aliased Butterworth filtérs with bandpasses between
3 and 66Hz and 20 and SOHz (3 db frequencies) were used to improve the
signal-to-noise ratio (§/N). In addition, traces from differént thuipér
shots and with the same source-to-geophoné $pacing were summed together to
inprove the S/N. While these techniques improved the S/N, it still was not
possible to measure traveltimes or amplitudes of the first arrivals for sep-
arations greater than 32m.
while there is variability in the results obtained (see Table III), the
traveltimes for the direct arrival over a separation of 3im can be fit by the
1/6-power velocity model, The measured values of the exponent for an assumed
power-1law velocity varied between approximately 1/3 to 1/7; that is,
.67 <1-n <.86 (see Table 11I) wheré n is the exponent for the depth variation
of the velocity. The best (or average) model for both the Apollo-14 and Apollo-16
1/6

sités is v(z)ﬂ'350(z/z )1/ 6m/set:, for 24 &1 km or v(z)=110z™/", 0<z<10m. This is




.»_‘ ‘/.

24

fairly close to the velocity variation,\'r(z)z'lgcz.l/ 6',_pred’icted by Gangi
(1972) on the basis of Gassmann's analysis (1953) and the measuted mechanical
préperties of the lunar soil. -

The measured traveltimes of the first arrivals over the 32m. separation
are in reasonablé agreement with the values predicted by the layered model
(see Table III). However, the biggest percentage deviations occcur at the
two shortest distarices (4.57 and 9.14m) where the S/N is high . and the
traveltimes can be measured most accurately. At these separations, the
rieasured arrivail times, which are accurate within at least one sample interval
(or 1.89 msecs), differs from those predicted by the layered model by 10 to
15 msec. The corresponding differences for the power-law model is generally
less than 2 msecs. While this indicates that the self-compacting-powder-
layer model is probably the correct one, the quality of the data precludes a
definitive distinction between the two models.

No comparison was madé of the measured traveltimes with those predicted
by the linear velocity variation used by Gold and Soter (1970), namely,
v(z)évo+a‘z, because it was an assumed velocity variation which is not based
on any physical mechanism. The travéltime relationship for this velocity
variation, t=(2/a)sinh'1(ax/2Vo), should also fit the data to the same accuracy
as that of the layered-velocity model. It, too, would have the largest
percentage déviations at the shortest distances.

An analysis of the amplitudes of the first arrivals was performed to
test the models. The predicted amplitude variation with separation, x — as-
suming no amplitude loss due to attenuation, Scatteéring or conversion of p-wave
criergy into $-wave energy — for the layer model is x°2 while that for the

1/6-pover velocity model is x(13-M)/ 12, m>1, The iéasured exponent varied

U A

et e = —e

e e e . — e o 2

AT o = o



25

froi -1.55 to +2.34 (sce Tabie IV) with the average value near «2.0, While
this result, at first glance, scems to favor the censtant velocity model,
thie fact that there will be dmplitude.loss due to scattering, attenuation
and wave-type conversion makes this result more consistent with the power-
law model. However, the large errors in the amplitude data — which are more
sévere than the errors in the arrival times — preclude a definitive
conclusion regarding which is the appropriate velocity modeél.

Ai attefpt was made to eliminate the errors in amplitude, du¢ to vari-
ations in the geophone sensitivities and shot strengths, by using a least-

squares method. The method requires that the signals, from individual shots,

be dotected on two or more geophones. Unfortunately, only three thumper shots

were detected on pairs of geophones, and no thumper shots gave detectable
first arrivals on all three geophones. Consequently, theére was too little
vedundancy in the data. to. give reliable values for the relative geophone
sénsitivities, relative shot stiengths or the exponent for the amplitude
variation with separation. Only for the Apollo-16 ASE was there sufficient
data to perform this analysis at all, and it indicuted that there could be
30 to 40% variability in the geophoiie sensitivities and 15 to 20% variability
in the thumper-shot strengths. An amplitude variation with separation équal
to x >+0 was obtaired from this analysis. It is not possible to give much
credénce to these values because the amplitudes used in this analysis were
small and had ldrge variability.

In conclusion, it has been demonstrated that the power-law-velocity
model predicts: 1) the medsured arrival times of the first arrivals as well

as, if not better than, the layered-velocity model does and 2) the ampl'itude

P
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variation with separation as weil as that model does. The quality of the
data does not aliow.-a definitive choice. to be-made between the_two_fiodels.—
However, the power-law model predicts a very low veloéity at the lunar surface
which, in turn, implies that seismic rays will be neatly normally iiicident to
the surface. This would explain why there is little.correlation between the
Vertical and horizontal components of the motions detected by the Passive
Seismic Experiment seismometers. It also implies that the long duration of
the seismic signals detected oii the Moon is due to scattering by even shallow
undulations of the surface (Gold and Soter, 1970 and Gangi, 1972). The power-
law velocity model also predicts that the lunar ré'g‘olit;h is composed of fine
particles (s0il) down to a depth of 5 to 6 meters. The power-law model
indicates that the velocity below 6 meters is not "sampled" by the first

arrivals detected over separations less than or equal to 32m.
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Appendix A
Variation in amplitude with distance in a vertically inhomogeneous medium.—

An approximate analysis of the variation in amplitude of a compressional
wave in a vertically inhomogeneous élastic medium cait be made using ray
theory. The analysis closely follows the devélopments given in Bullen (1963)
and Officer (1958).

The analysis is approximate in that it does not take into account
either the variation in waveform of the propagating wave (i.e., dispersion)
or the conversion of p-wave energy into s-wave energy (these assumptions
are also made in the above references).

We assume that, for a source on the surface, the energy, dE, contained
in a "bundle of rays" with ray parameters between. p-dp/2 and p+dp/2 is equal
to the intensity (or ehergy per umit area), I, times the area subténded by
the ray parameters (see Figure A.la)

dE(p) = I(x',p)dA = S(p)dp (A.1)

where
I(x';p) = the wave intensity for a ray with ray parameter, p, at a
horizontal distanceé, x', away from the source point,
dA = area coiitained between the circular '‘cones" given by

p-dp/2=céristant and p+dp/2=constant (dA=2nx'dw),

S(p) = enetgy per unit change in the ray parameter,

p = the ray parameter ® §in6(z)/v(z),
8(z) = the angle between thé ray and thé vertical z axis and

is measured counterclockwise from thé z axis, and
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v(z) = the velocity variation with depth.
The intensity for any point along the ray can be expressed as
1(x,p) « 58 £, (A.2)
At.a fixed depth, z, and for a particular ray bundle centéred about ray

parameter p, (see Figure A.1b)

dw(x',p) = cos 6dx'; or gwfi cos6 %xb—'- (A.3)
When the ray reaches the surface (z=0), ©(0)=m (cosé (0)=-1) and
x' (p,2=0)=x(p). (A.4)
The intensity at the surface receiver then becomes
S(p) (A.5)

I(x,p) = -75x %IJ%
(Note, the intensity is positive since both S(p) and x are positive but
dp/dx is negative at the surface).

The general trelationship for vertically inhomogefieous miedia

p = dt/dx (A.6)
holds, where t(x) is the traveltime; therefore we have
"
10,p) = 30 & A7)

It can be verified directly that p=dt/dx for a velocity variation

of the form
v(x) = vy(z/z)"  (0<n<l) (A.8)
by using: (1) the fact that
(A.9)

dt/dx « (dt/dp)/(dx/dp)
and (2) the parametric equations for the traveltime, t(p), and the source/

receiver separation, x(p), (see for example, Kaufman, 1953)
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t(p) = ¢ p-(A-M/n

, Vs (A.10)
x(p).= () p /"
where Cn is a constant eqh'ai to
2/, p(1/2n+1/2) (A.11)

o S I TA/m)
0

The problem that remains in determining the intensity is to express
S(p) in tems of x. The rays from a source at the surface propagate,
initially, vertically; therefore, for a vertical-force source, most of
the energy will be directed along the z-axis with little ot 1o energy
propagating along the surface. The rays received at the surface near the
source correspond to large values of the ray parameter p because

p = 1/v(zp) (A.12)
whete zp is the turning depth of the ray; i.e., its maximm depth of
penetration. Therefore, if we assuiie an asymptotic expansion for S(p)

of the form (for p>>1)

SE) - p ™A+ I/p + 1/p% + ..); Wl (A.13)
and use the fact that (from equation A.10)

pux ™
we have

S(p) ~ ¥, (A.14)

This indicates that the source radiation pattern contributes
an increase to the - intensity as the separation increases. This is due

to the fact that the rays detected at the larger separations come from
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=
that. part of the radiation pattem where the mtensity is higher. namely,_
'; closer to the z.-axis._ In order to insiire mtegrability of S(p) for the_
E | | large values of p (1<<p<°°) ,- the exponent n must be greater than 1.
- Usirig the fact that
L 1 a2t . -(n+2) (A:15)
= e~ X
' the intensity variation with separation X becomes
s 1) - x 2] (A.16)
P’ . ‘ and the amplitude variation is
;’ ; For the self-compacting-powder rodel, n=1/6 and we have
| AM) = Akxy) /x) B3M/12 g, (A.18)
-
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Appendix B

The relative geophone semsitivities, shot streiigths and the amplittide

variation; least-squares analysis.

The optimum values, in a least-squarés sense, of 1) the relative geophone
sensitivities, 2) the relative shot strengths and 3) the exponent of the
amplitude variation with distafice can be determined if there is sufficient
redundancy in the amplitude data and the functional form of the amplitude
function is known. The direct-wave-amplitude variation has the functional
form given by equahi.bn (6) both for a half space (i.e., cohstaut velocity)
and for a vertically inhomogeneous medium (i.e., v(x,y,z) = v(z) only).

The summed, weighted and squared error, BZ,_ between the log of the
measured amplitude values and the values predicted by the functional form (as
expressed in equation (8)) is (see equation (9)):

P I J . (2 .

E*(agpmg,5) = L I wylagtmhyy + g5 + sy 4y4) (.1)

i=] j=1

where a0=10g’(GIS )5 G is the reférence-géophone sénsitivity, S; is the
reference-shot strength, g is the (vector of) relative geophone semsitivities,
g; is the relative sensitivity of the i-th geophone, s is the (vector of)
relative shot streingths, 5 is the relative strength of the j-th shot, )(.1j is
the 1og of the separatiofi between the i-th geophone and the j-th shot and
3 is the log of the amplitude measured at the i-th geophone for the j-th shot.

We definé a parametér vector, p, in thé parametér spacé made up of

the ag, g;» Sj and m:
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=5 I A . J A A A I+J+2 A B s -
pel gy )55 It aB " ] pp,=g+S+mvy (.2
- A L

where the symbols with carets above them (e.g:, Ei) are unit vectors in the

paranmeter space. They are assufied to be orthogonal (or independent), that is:

PPy = Sm OF 31 3k‘ Sike sj*sr S5pr MEm M
a =

ma, (B:3)

a g1 =a '53 = gi-sj = 0.
where, for example, 8:3 is the Kronecker delta which is defined as §5,=0
if ik, §; =1 for i=k. Therefore,

ag + Xy *+ gy * 5y = PG+ WKy Byt Sy): (®.4)

The sunmed, weighted and squared error, E? (1—:) , will have a minifum in the
parameter space where its gradient is zero; that is:
L = . 3 . L ~ A A A =
% 9% & E T R T R Tl TS mkj; *+ g5+ 8y =0
(B.S)
or
(B.6)

-'Ez'wij[(§°+ﬁxij+§i+s)(a + Xy "+s)].p

where the term inside the brackets is a square, symmetric maxtrix obtained
by the dyadic product of the two vectors (see equation (B.7), next page). The
resulting set of equations can be written in matrix form as

3= AP (B.8)
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where 2 1is the.vector
514,
L n®n
- 4 " A -
= Diwfy Gt myj ¢ gt 8y (8.9)

the square, symetric matrix A is defined in equation (B.7) and the vector
P is defined in equation (B.2).
The parameter values (d,;m,g; and sj) are just the components of the

vector p and they are determined by inverting equation (B.8) to give
_ =1 - N
5=413 (B.10)

This is the solution to the problem of determining the optimum (in a
least-squares sense) parameters and it can be seen from equation (B.10) that
the accuracy of the solution depends upon the stability of the inverse of
the matrix R and the errors in the vector a. These, in turn, depefid upon the
accuracy of the measurements of the separations, Xi

5 and the amplitudes, a

The weights themselves are established

ij’
and the values of the weights, Wi
by the accuracies of aij and xi‘j'

the Apollo-16 ASE, it was assumed that the separations were measured with

In the analysis of the amplitude data from

high accuracy; consequently, the weights were established only on the basis of
the accuracy of the amplitude measurements.

From the form of matrix Z (equation (B.7)), it can be $éen that it will
have a stable ifiverse if thére i$ high redundancy in the data; that is, the
suims of the weights over the gsophones (subscript i) and over the shot strengths
(subscript j) as well as thé double sums (over i and j) have large values. This
will océur when the amplitude from each shot is measured accurately at éach

geophone; that is, all the w‘i.-l. Unfortunately, this is not the case in thé
Apollo-14 or Apollo-16 ASE's.
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TABLE I
Correspondence of binary data values (B.D.)
with the geophone voltage (V)
(Geophone 1, Apollo 16)

B.D. v B.D. v B.D. v

0 -2.299 11 -.00363 22 +,02101

1 -1.279 12 -.00202 23 +.03783

2 - L7115 13 -.00112 24 +,06813
' 3 - .3958 14 - 00047 25 +.1227
. 4 : ,2202 15 -.00000 26 +,2200
f 5 - 1225 16 +,00048 27 +.3078
: 6 - .06817 17 +,00111 28 +,7164
; 7 - .03793 18 +.00200 29 1.290

8 - .02110 19 +,00360 30 2.323

9 - .001174 20 +,00648 31 4.183

. 000653 21 +,01167
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Table IL
Shot-to-Geophone Separations +

Separation No. of Apollo-14 Shot Nos.*  Apollo-16 Shot Nos.*
(ft) (m) traces ©P-1 GP-2 GP-3 GP-1 GP-2  GP-3

0 0.00 & 21 1 1 19 11 1 i
15 457 5 20 12 2 .10 2 |
30 9.14 7 19 i3 3 18 9,12 3 f
45 13.71 6 8 - 4 17 8,13 4
60 18.29 6 Vo1 - 16 7,04 5
75 22.86 4 - . . 15 6,15 6
90 27.43 6 (A 14 516 7 |
105 32.00 6 . 4,18 - 13 4,17 8
120 36.58 7 13 3,19 - 12 3,18 9

*Thuiper-shot minbers which had the proper separation from the

three geophones.
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~ Table III |
Traveltimes (milliseconds)

39

Separatiocn Measured Traireitimess Calculated Traveltimes
x(m) 1 2 3 4 5 A B .C

4,57 55 53. 56 52 - 51.7 44.0 40.1
9.14 91 91 - 87 99 92.1 87.9 80.2
13.71 123 123 124 - 128 129,1 1319  120.3
18.29 151 149 152 - 155 164.2 i75.8 160.4
22.86 - - - - 1777 197.7  2i9.8  200.5
27.43 2067 230 1967 229 1997 230.1 *245.0 240.6
32.00 25527 27472 2647 2747 - 261.7 *260.3 280.7
1-n 76 .80 .74 .84 .63 5/6_ — 1
v, (n/s) 590 4320 630 340 1200 350 104 114

§  Times with question marks (?) indicate difficult time determinations

*  Traveltimes of the first refracted wave (earliest arrival)

1. Measured from Apollo-14 and -16 stacked data (3-66 Hz)

2. Measured from Apollo-14 (orly) stacked data (3-66 Hz)

3. Measured from Apollo-16 (Qniy) stecked data (3-66 Hz)

4. Measured froin Apollo-14, geophuns-2 profile (3-66 Hz)

§. Measured from Apollo-16, geophone-1 profile (3-66 Hz)

A.  Self-compacting-powder model; t«14,57 x5/6 (msec.)

B. Apollo-14 layered model (Kovach and Watkins, 1973)

€. Apolio-16 layered model (Kovach and Watkins, 1973)
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t - e | ‘Itable_L Data Weights and %eparatiom Apouo-m ASB
L o WOights. . wij N Soparations |xi— j'

5 f 11 e 0 o 2.4 uooasm 0
2 o 0 1 86.87 aae 457
3 0 o 1 82.30  36.58  9.14]
| 4. o 0 I 77.72— 3200 13,71
: 5 o o6 1 135 27.43  18.29)
| 6 0 % % 68.58  22.85 2280
7 0o 1 % 64.05 1820 2714
8 o« 1. 0 $9.44 1371 32.00 |
. 9 e 1 0 5486  9.14. 36.58 *
10 o 1 0 50.20  4.57 4134 |
i o o o0 .72 0 is.72 ?
12 ¢ 1 0 36.58 9.4  54.8
| 13 o o o 32.00 1371 59.44
3 14 ¥ 0 0 2743 18.29  64.0 |
| is o o o] 2.8  22.86 6854 !
i6 1 o 0 18.29  27.43  73.15 |
17 i % 0 57 3200 797 |
18 1 0 0 9,14 36.58  82.3 4
19 0. .0 0 0 4572 91.4 |
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Figure 1.

Figure 2.

Figure 3.

Figure S.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

List of Figure Captions

_ Long-period, vertical component (LPZ) lunar éeismograms.

Apollo-11 Passive Seismic Experiment, 1969. (From Latham,
et.al., 1970a).

Seismic ray paths for a linearly increasing velocity variation
with depth and topographic irregularities. (From Gold and
Soter, 1970).

Plan view of the geophone siting and thumper-shot locations
for the Apollo-14 and Apollo-16 Active Seismic Experiments.
(Geophones: o; shots: x; misfired shots: m).

Representative raw-data traces from the Apollo-16 ASE.
(Thumper shot 10).

"Deglitched"versions of the traces in Figure 4.
Bandpass-filtered versions of the traces in Figure 4. (3db
frequencies:10.5. § 66.25Hz).

Aiplitude spectrim of the first two seconds of the signal
from geophone 2, thumper shot 10, Apollo-16 ASE. (Separation:
4. 57m).

Stacked, filtered and amplified traces for shot-to-geophotie
separations of 0, 4.57 and 9.1d4n. (Apollo-14 and Apollo-16
sigrials combined; Bandpass: 10.5 to 66Hz).

Stacked, filtered and amplified ASE profile (Apolle-14 ard
Apollo-16 signals combined; Bandpass: 20 to 50Hz).
Single-geophone profile, filtered and amplified. (Geophone 1,
Apollo-16 ASE; Bandpass: 20 to S50Hz).

Log-log plot of the traveltimes versus séparations for the
stacked and filtered traces. (Apollo-14 and Apollo-16 ASE
signals combined; Bandpass: 3 to 66Hz; measured slope: m=0.76
and reférence velocity: vbéSQOm/sec).
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Figure 12.

Figure A-1.
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List_of Captions (,Con't..)

lng,-lo;, plot of thc amphtudcs versua scpamtwns (binglc
geophone amplitudes; Geophone 3, Apollo-lé 'ASE; Bandpass:

3 to 66Hz; measured slope: 2. 01) o

a) Ray paths for a power-law velocity_ vanatmn. v(z)w (z/z )
b) Detail of the wavefront, dw, in a ray bundle.
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Figure 1. Long-period, vertical component (LPZ) lumar
seismograms, Apollo-11 Passive Seismic Experiment; 1969.
(From Latham, et.al., 1970a).
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Seismic ray paths for a linearly incréasing

Figure 2.
h depth and topographic irregularities.

veloéity variation wit
(Ivom Gold and Soter, 1970).
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SHOT NO.
21 2019 18 17 16 15 14.13 12 0 10 9 8 7 6 5 4 3 2 |
X X X X x @® ®%x x x O ® x ®® x x x x
O ey O O
Geop | 4.57m Geop 2 Geop 3
| 45.72 m ——— e i— 45.72 m ~———m=]

a) APOLLO =14 ACTIVE SEISMIC EXPERIMENT. (21 shots)
Shots 5,6, 8, 9,10,14,i5 and 16 misfired.

SHOT NO.
i9 I8 17 16 15 14 13 12 L 109 8 7 6 5 4 3 2 |
X X X X X X X X X X X X X X X X X k X
O e o) O
Geop | 4.57Tm Geop 2 Geop 3
ftseo— 45 72 m o}t 4572 m —

b) APOLLO-16 ACTIVE SEISMIC EXPERIMENT. (19 shots)

Figure 3 Plan view of the geophori¢ siting and thumper-shot locations for
the Apollo-14 and Apol1o:16 Active Seismic Experiments. (Geophones: o;
shots: x; misfires: =m.
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THUMPER AP-16~10

GPI

GP2

b

GP3
i

Figure 4. Representative raw-data traces from the Apollo-16
ASE.  (Thumper Shot 10).
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THUMPER. AP~16~10

GPl

1 SEC.

LR

GP2
3

1)

GP3

Figure 5. 'Deglitched" versions of the traces in Figure 4.
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| L
Figure 6. Bandpass-filtered versions of the traces in Figure 4.
(3 db frequencies: 10.5 § 66.25 Hz).
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1.00 ¢

.

0.60 K

0.20 +

4.57TM, AP-16-10 GP 2

AMPLITUDE SPECTRUM

0 - [ 1 R 1 A 1 / 4
20 40 60 80 100 120

FREQUENCY, HZ |

Figure 7. Amplitude spectrum of the first two seconds of the

signal from geophone 2, thumper shot 10, Apollo-16 ASE.
(Separation: 4.57 m).
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STACKED, FILTERED AND AMPLIFIED

o.M

9. 14M

Figure 8. Stacked, filtered and amplified traces for shot-to-
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géophoné séparations of 0, 4.57 and 9.14 m. (Apollo-14 and
Apollo-16 signals combined; Bandpass: 10.5 to 66 Hz).
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Figure 9. Stacked, filtered and amplified ASH profile (Apollo-14
and Apollo-16 signals combined; Bandpass: 20 to 50 Hz).




: .
. . . -
RS S UL Y S

|5 3

?f

! .

}

-

I
|

. ‘

4
!
-
)
‘ {
I v‘
‘ :
1
i
T
?
: t
] ¢
'

= 2.

GRIN:

= 2.

LAlN= 2. GR!N= 2. GRIN:

GRIN= 4.

GAIh= o

GAIN- 1.

cain= 2.

ﬁo"o ﬂﬁ"ls'lq

WA NAAY
v VAW v ViV

4. 14M, 8P -1G 18 M

13. 714, RP-1B 17

18.29M, AP-1C-16

IR Y e el i et At “‘
22.8GM, AP-1C-15 . r

27 43M, 8P-16 14

32.M, AP-1G-13
WWM»WWWMWWWWWWW

36.964, QP iG-12

e T G
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Figure 12, Log-log plot of the amplitudes versus separations (single
geophone amplitudes; Geophone 3, Apollo-16 ASE; Bandpass: 3 to 66 2
measured slope:  -2,01),
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a). Ray paths {or a power-law velocity variation:
. n

‘ \(U) = VO(“/.‘C') .

b). bétail of the wavefront, dw, in a ray bundie.
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